, which process sensory information to control aggregation 13 . Here we use forward genetics to probe the molecular mechanisms regulating the properties of these neurons and connections.
IL-17 promotes aggregation of C. elegans
We mutagenized aggregating npr-1(null) (neuropeptide receptor 1) animals and identified more than 800 mutants that aggregated poorly but were otherwise overtly wild type. We sequenced the genomes of 583 mutants, and identified the lesions causing their aggregation defects. Six harboured mutations in Y64G10A.6, an interleukin17 cytokine receptor orthologue we named ilcr-1 (Extended Data Fig. 1a and Extended Data Table 1 ). An ilcr-1 deletion, tm5866, disrupted aggrega tion and was rescued by expressing ilcr-1 complementary DNA (cDNA) from the ilcr-1 promoter (Fig. 1a) . The C. elegans genome encodes a second IL17like receptor, F56D1.2, that we named ilcr-2. We did not identify ilcr-2 alleles in our collection but CRISPRgenerated ilcr-2 nulls failed to aggregate ( Three C. elegans genes, T22H6.1, F25D1.3, and C44B12. 6 , share homology with mammalian IL17 (Extended Data Fig. 1g and data not shown). We did not find alleles for F25D1. 3 or C44B12.6 in our collection, and disrupting either gene did not perturb aggregation (Extended Data Fig. 1d , e). We found four alleles of T22H6.1, including splicesite mutations (Extended Data Table 1 ). Deletions of T22H6. 1, tm5124 , and tm5218 disrupted aggregation, and were rescued by expressing T22H6.1 cDNA from its promoter (Fig. 1a) . T22H6.1, which we named ilc-17.1 (interleukin17 cytokine related gene 1), could therefore encode a ligand for ILCR1/ILCR2 receptors. Double and triple mutants of ilc-17.1, ilcr-1, and ilcr-2 behaved like single mutants (Extended Data Fig. 1c and see below), suggesting these genes function in a single pathway.
Green fluorescent protein (GFP)tagged ILCR1 colocalized with haemagglutinin (HA)tagged ILCR2 at the plasma membrane of HEK293T cells (Fig. 1b) , and ILCR1-GFP specifically coprecipitated with ILCR2-HA (Fig. 1c) . Like mammalian IL17s, ILC17.1 formed disulfidelinked dimers 15 (Extended Data Fig. 1h ). ILC17.1 specifi cally interacted with the surface of cells expressing ILCR2, or ILCR2 and ILCR1, but not control cells, or cells expressing only ILCR1 (Fig. 1d, e) . In mammals, IL17 binding to one receptor type is thought to increase affinity for the second receptor type, promoting heteromeric complex formation
IL-17 increases RMG interneuron gain
Functional ILCR1 and ILCR2 receptors that were carboxy (C)terminally tagged with GFP were expressed in most neurons, including RMG interneurons ( Fig. 2a-d) . We found ilcr-2 was also expressed in pharyngeal muscle. Selectively expressing ilcr-1 or ilcr-2 cDNA in the O 2 sensors, using the gcy-32 promoter, only weakly rescued ilcr mutant phenotypes (Extended Data Fig. 2a-d) . By contrast, expressing receptors in RMG, using the npr-1 or flp-5 promoters, robustly restored persistent escape from 21% O 2 and aggre gation to ilcr mutants (Extended Data Fig. 2a-d) . The flp-5 promoter drives expression in ASG (previously reported as ASE) 22 and RMG, but expressing ilcr-1 cDNA in ASG using the ops-1 promoter did not rescue ilcr-1 phenotypes (Extended Data Fig. 2e) ; neither did expres sion in cholinergic neurons (unc-17 or acr-2 promoters), GABAergic neurons (unc-25 promoter), or interneurons controlling forward and reverse movement (glr-1 or nmr-1 promoters) (Extended Data Fig. 2f ). To confirm RMG as the focus of action, we inserted a single copy of ilcr-1 in which a strong terminator of transcription, flanked by LoxP sites, separated the promoter and open reading frame. As expected, this transgene did not rescue the ilcr-1 mutant phenotype unless we also selectively expressed Cre recombinase in RMG, using the flp-5 or npr-1 promoters (Fig. 2e) . These data suggest the ILCR coreceptors act predominantly in the RMG interneurons to promote aggregation and escape from 21% O 2 .
Functional mCherrytagged ILC17.1 accumulated in coelomo cytes, scavenger cells that endocytose macromolecules from the body cavity of C. elegans 23 , confirming that ILC17.1 is secreted (Fig. 2f , top panels). A functional bicistronic construct coexpressing ilc-17.1 and free mCherry labelled the RMG, AUA, and ASE neurons (Fig. 2f , bottom panels). Targeted expression of ilc-17.1 in RMG restored the O 2 response, suggesting the ligand could act as an autocrine signal (Extended Data Fig. 2g ). However, expressing ilc-17.1 in the AWA olfactory neurons or the ASE gustatory neurons also rescued the ilc-17.1 mutant phenotype (Extended Data Fig. 2h ), suggesting the ligand source is unimportant. Expression and release of ILC17.1 from RMG appears to be O 2 independent: mCherry-ILC17.1 accumula tion in coelomocytes was similar in animals cultivated at 7% and 21% O 2 (Fig. 2g) , as were RMG levels of cytoplasmic mCherry expressed from the bicistronic pilc-17.1::ilc-17.1::sl2::mCherry transgene (data not shown). Constitutive ilc-17.1 expression from the ges-1 or vha-6 gutspecific promoters rescued the ilc-17.1 defects (Fig. 2h) animals. * P < 0.05, * * P < 0.01, and * * * P < 0.001, Mann-Whitney Utest. h, i, Speed at 7% and 21% O 2 assayed 10 min (h) or 2 h (i) after animals were transferred to assay plates; n = 3 assays, 90 animals. NS, not significant, * * * P < 0.001, Mann-Whitney Utest.
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To test whether ILC17.1 altered RMG responsiveness to input from O 2 sensors, we used YC2.60 Ca 2+ sensors 26 to image RMG and URX (as a control) in freely moving animals under our behavioural assay conditions. URX Ca 2+ responses to 21% O 2 were not altered in ilc-17.1 or ilcr-2 mutants compared with controls, either 10 min or 2 h after animals were picked onto the assay plate (Fig. 3a) . By contrast, RMG Ca 2+ responses to 21% O 2 were reduced at both time points in mutants ( Fig. 3b) . Expressing ilcr-2 in RMG rescued these defects in ilcr-2 mutants (Extended Data Fig. 2i ). Imaging RMG in an npr-1 215F background revealed similar phenotypes to those in npr-1 null mutants (Extended Data Fig. 2j ). As an independent assay of RMG activity we measured pflp-5::gfp expression (FMRFamidelike neuropeptide) in RMG. Expression from this neuropeptide reporter increases with RMG activity 27 . The ilc-17.1, ilcr-1, and ilcr-2 mutants kept at 21% O 2 
showed reduced pflp-5::gfp fluorescence compared with npr-1 controls, consistent with reduced RMG activity (Extended Data Fig. 2k ). Disrupting ilc-17.1 reduced RMG responsiveness to O 2 input without compromising its ability to signal to downstream neurons: stimulating RMG using channelrhodopsin evoked similar behavioural responses in ilc-17.1 mutants and control animals (Fig. 3c) .
RMG interneurons influence the pheromone responses of C. elegans, and are coupled by gap junctions to ASK and ADL pheromone responsive neurons 9, 13, 28 . Using Ca 2+ imaging we found that a mixture of C3 + C6 + C9 ascarosides 29, 30 evoked a response in RMG reminiscent of that evoked by the same ascaroside mix in ASK neurons 13 . This response was strongly reduced in ilc-17.1 mutants (Fig. 3d) , perhaps because RMG neurons have lower Ca 2+ at 21% O 2 . Moreover, unlike npr-1 animals, which are attracted to this ascaroside mix 13 , ilc-17.1 mutants were repelled by it (Fig. 3e) . Thus, ILC17.1 signalling influences pheromone responses.
IL17 signalling components are expressed broadly in the nervous system. Do they affect all behavioural responses? The ilc-17.1 mutants showed normal chemotaxis to NaCl, mediated by the ASE neurons, and benzaldehyde, mediated by AWC, and did not alter benzaldehydeevoked Ca 2+ responses in AIB interneurons (Extended Data Fig. 2l-n) . Thus, IL17 defects do not cause general circuit dysfunction.
Why do mutants with chronic defects in the RMG responsiveness to 21% O 2 escape this cue 10 min, but not 2 h, after being picked for assay? We speculated that physically transferring animals, which stimulates mechanoreceptors, transiently makes reduced RMG output sufficient to drive escape from 21% O 2 . Mechanosensory stimulation is known to transiently increase locomotor speed through activation of gentle touch neurons (Y. Tanizawa, B. Zhao and W. Schafer, personal communica tion). Consistent with our hypothesis, gently tapping the microscope stage 2 h after transferring animals for assay instantly restored respon siveness to 21% O 2 to ilc signalling mutants, as long as their gentle touch receptors were functional (Fig. 3f) . Thus, without ilc-17.1 signalling, C. elegans requires additional sensory stimulation to escape 21% O 2 .
Heatshockinduced expression of ilc-17.1, ilcr-1, or ilcr-2 cDNA in adults rescued the respective mutant (Fig. 3g, h and Extended Data  Fig. 3 ). Experiments in which we changed heatshock duration while monitoring expression of a phsp-16.41::ilc-17.1::mCherry bicistronic transgene and O 2 responses suggested that ILC17.1 signalling requires less than 6 h to exert its effects (Extended Data Fig. 4 ). Faster induction of ILC17.1 expression using longer heat shock did not shorten the time required for rescue. (Fig. 4b, c) . Neural imaging showed that ILC17.1 overexpression significantly increased RMG Ca 2+ responses, both in N2 and in npr-1 animals (Fig. 4d, e) . It also increased pflp-5::gfp expression in RMG in N2 and npr-1 animals kept at 21% O 2 , consistent with increased RMG output (Extended Data Fig. 5 (Fig. 4f ).
An IL-17 signalling pathway in neurons
A candidate approach did not identify components acting down stream of the ILC17.1 receptors (Extended Data Fig. 6 ). We therefore screened our collection for mutants exhibiting the unusual ilc-17.1 O 2 response defect. Eight strains had such defects, highlighting three genes. One gene encoded an Act1 homologue we named actl-1 (Act1 like) (Extended Data Fig. 7 ). Mammalian Act1 binds IL17 receptors via SEFIR-SEFIR domain interactions and mediates their signal ling output 31 . ACTL1 has the Death domain/linker/SEFIR domain architecture found in nonvertebrate Act1 homologues, and lacks the helix-loop-helix and Ubox found in mammalian Act1 (Extended Data  Fig. 7e, f) 
32
. Pulldowns from HEK293T cells coexpressing ACTL 1, ILCR1, and ILCR2 showed that ACTL1 physically interacts with ILCR1/ILCR2, primarily via association with ILCR2 (Fig. 5a, b) consistent with ACTL1 being an adaptor for C. elegans IL17 receptors. The second gene encoded the sole C. elegans IRAK (interleukin1 receptorassociated kinase) pik-1 (Extended Data Fig. 8 ) 33 . PIK1-Flag and ACTL1-HA coexpressed in HEK cells formed a complex (Fig. 5c, d ), suggesting these two proteins interact physically. The Data Fig. 9 ). In mammals, Iκ Bζ contributes to immune responses mediated by IL1β , Tolllike receptors, and IL17, but its in vivo functions are poorly understood 37, 38 . The actl-1, pik-1, or nfki-1 mutant defects could be rescued by a singlecopy insertion of the corresponding wildtype gene generated by MosSCI (Extended Data  Fig. 7c ). Various double mutants of ilc-17.1, actl-1, pik-1, and nfki-1 did not show enhanced behavioural phenotypes (Extended Data Fig. 7-9 ), suggesting their gene products act in the same pathway. Overexpressing wildtype nfki-1 restored aggregation and sustained escape from 21% O 2 to ilcr-1, ilcr-2, actl-1, and pik-1 null mutants (Fig. 5e) , suggesting that NFKI1 acts downstream of these signalling components.
Many neurons including RMG showed expression of actl-1, pik-1, and nfki-1 (Extended Data Figs 8d and 9c and data not shown). Expressing their cDNA in RMG using the flp-5 promoter rescued the mutant phenotype of each gene (Fig. 5f-h) , although not completely. Expressing one or more of actl-1, pik-1, or nfki-1 from the ops-1 (ASG neurons), gcy-32 (AQR, PQR and URX), or flp-6 (ASE) promoters failed to rescue the corresponding mutant phenotypes, whereas express ing nfki-1 from the npr-1 promoter, which drives expression in RMG and other neurons, rescued nfki-1 phenotypes (Fig. 5f-h ). Incomplete rescue of the flp-5driven transgenes suggests these genes may act in other neurons besides RMG to regulate O 2 responses, especially since the more broadly expressed npr-1 promoter conferred significantly better rescue of the nfki-1 phenotype (Fig. 5h) (Fig. 5i-k) . The RMG Ca 2+ response defects were non additive in various doublemutant combinations of ilc-17.1, actl-1, pik-1, and nfki-1 (Fig. 5i-k) , as expected if the products of these genes function together in a signalling pathway. The ILCR1/2-ACTL1-PIK1/IRAK relationship is reminiscent of Tolllike and IL1β receptor signalling pathways, in which the adaptor MyD88 recruits IRAKs via homotypic Death domain interactions (Fig. 5l) . TIR and SEFIR response defects of ilcr-1, ilcr-2, actl-1, and pik-1 mutants; n = 4 assays, 120 animals. * * * P < 0.001, Mann-Whitney Utest. f-h, The actl-1 (f), pik-1 (g), and nfki-1(h) O 2 response defects can be rescued by selectively expressing the corresponding cDNA in RMG interneurons (pnpr-1 and pflp-5) but not URX, AQR, and PQR (pgcy-32) or ASE (pflp-6) sensory neurons (n = 4 assays, 120 animals). * P < 0.05, * * * P < 0.001, Mann-Whitney Utest. i-k, O 2 evoked Ca 2+ responses in RMG of single and double null mutants of ilc-17.1, actl-1, pik-1, and nfki-1. * * P < 0.01, * * * P < 0.001, Mann-Whitney Utest. l, ILC17.1 signalling in C. elegans compared with IL17 and Tolllike receptor (TLR) pathways in mammals. TF, transcription factor. m, Model. ILC17.1 increases RMG responsiveness to input from the URX O 2 sensors, enabling C. elegans arousal at 21% O 2 . Without ILC17.1, C. elegans responds poorly to 21% O 2 unless also mechanically stimulated.
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domains are related domains 39 . Consistent with this evolutionary relationship, in the mammalian immune system IL17 and TLR receptor pathways activate similar downstream genes 14 . The aggrega tion and arousal of C. elegans at 21% O 2 are influenced by the presence of bacteria, and modulate pathogen responses 40 . Plausibly, IL17 signalling may have played a role in ancient nervous systems regulating behavioural responses to bacteria.
Conclusions
IL17 is a potent proinflammatory cytokine. Its production in mam mals is induced by infection, tissue damage, and stress, and is thought to drive tissue inflammation and autoimmune disease. By contrast, its roles in regulating neural circuit functions are elusive, although members of the IL17 and IL17 receptor family are expressed in brain 14 . Our data show that physiological levels of IL17 can act directly on neurons to increase their responsiveness to presynaptic input. Elevating IL17 levels can abnormally increase circuit sensitivity to O 2 input. By potentiating circuit function, IL17 signalling transforms an escape response to a noxious cue from one that is transient and contingent on other sensory inputs, to one that is unconditional and sustained (Fig. 5m) .
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METHODS
No statistical methods were used to predetermine sample size. The experiments were not randomized. Strains. C. elegans were maintained under standard conditions 41 . All assays used young (< 1 day old) adult hermaphrodites. A detailed description of the forward genetic screens will be published elsewhere. The molecular lesions in alleles identified by forward genetics are listed in Extended Data Table 1 . Frameshift mutations were generated using CRISPRCas9, as described 42 . Strains used are listed in Supplementary Table 1 . Behavioural assays. Aggregation and locomotion were assayed as described previously 27, 43 , with slight alterations. L4 animals were picked to a fresh plate 24 h before assay. Sixty animals were repicked to the assay plate (an NGM plate seeded 2 days earlier with a 1cm diameter OP50 lawn), and bordering and aggregation scored 2 and 24 h later. The scorer was blind to genotype. To assay locomotion we tracked 30 animals 10 min and 2 h after picking. We took care not to accidentally tap plates at the 2h time point. For behavioural assays lasting 9 min, statistical compari sons used a 1min window that started 40 s after the switch from 7% to 21% O 2 and stopped 20 s before the switch from 21% to 7% O 2 . For the 2hlong experiments, statistical comparisons used two 5min windows, which started 5 min after the switch from 7% to 21% O 2 , and 10 min before the assay ended. These intervals were sufficiently long to smooth out shortterm fluctuations and highlight longer term trends, while avoiding time periods when animals were rapidly changing their behaviour in response to the O 2 stimulus. Movies were analysed using Zentracker, a customwritten Matlab software (code available at https://github.com/ wormtracker/zentracker). All worms in the field of view were analysed except those in contact with other animals. Speed was calculated as instantaneous worm centroid displacement between successive frames, and plotted as mean ± s.e.m. Behavioural responses were robust: three or four biological replicates (each including 60 animals) for aggregation assays, and 30 animals for locomotion assays, provided sufficient statistical power to distinguish phenotypes. Statistical comparisons for speed assays used a twotailed Mann-Whitney Utest.
For quadrant chemotaxis assays, chemotaxis to a mixture of C3, C6, and C9 ascarosides, each at 10 nM, was assayed as described previously 13 . Briefly, about 2 h before the assay, 200 adult animals were picked to a fresh plate seeded with OP50. For the assay, animals were washed three times in chemotaxis buffer (1 mM CaCl 2 , 1 mM MgSO 4 , and 5 mM KH 2 PO 4 /K 2 HPO 4 pH 6.0) then placed in the centre of the quadrant assay plate. Assay plates were freshly made with ascarosides added to alternate quadrants. The number of animals in each quadrant was scored after 20 min, and the chemotaxis index was calculated as (the number of animals on ascaroside quadrants − the number of animals on control quadrants)/(the number of animals on ascaroside quadrants + the number of animals on control quadrants).
Optogenetics. L4 animals expressing ChR2 in RMG 27 were picked 24 h before the assay and divided into two groups. One group was transferred to plates that had 100 μ l of 5 mM all transRetinal (Sigma) in 100% ethanol added to the bacterial lawn. The other group was put on plates with 100 μ l of ethanol as controls. Test and control plates were kept in the dark until animals were picked to assay plates 2 h before recording. Videos were recorded using a Grasshopper camera (Point Grey) mounted on an M165FC Stereomicroscope (Leica) fitted with GFP excitation filters (ET 480/40 nm). Excitation light attenuated to 11.6 mW/cm 2 was from a Leica EL6000 mercury lamp. Animals were recorded for 4 min without the blue light stimulus, followed by 4 min of blue light stimulation and a further 4 min without blue light. O 2 (7%) was pumped into the microfluidic chamber throughout the assay. To record behaviour, we used transillumination, with light filtered through a 595nm longpass optical cast plastic filter (Edmund Optics). Molecular biology. Expression plasmids were constructed using multisite Gateway (Life Technologies). Promoters used included ilc-17.1 (6 kb), ilcr-1 (6.5 kb), ilcr-2 (2.4 kb), npr-1, flp -5, flp-6, vha-6, ges-1, hsp-16.41, acr-2, glr-1, nmr-1, unc-17 , unc-25, pik-1 (2.5 kb), actl-1 (7 kb), and nfki-1 (5.7 kb). For rescue experiments, cDNA for each gene was amplified using a Phusion RT-PCR kit (Thermo Scientific) and cloned into pDonor 221.
Primers for ilc-17.1 cDNA amplification w er e G GG GA CA AG TT TG TA CA AA AA AG CA GG CT TT TC AG AA AA AT GCCAAAATCACCACACAGGAC and GGG GACCACTTTGTACAAGAAAGCTGGGTATTAAATTGGAATTTCTGCTTTG ATTGTGTAGATAAAG; for ilcr-1 cDNA amplification, GGGGACAAGTTT GTACAAAAAAGCAGGCTTTTCAGAAAAATGTTTCTTCATTCGCCTGCT CTTC and GGGGACCACTTTGTACAAGAAAGCTGGGTATCAGTGTATACC AATGACTTCATCATGGAAC; for ilcr-2 cDNA a mp li fi ca tion, G GG GA CA AG TT T G TA CA AA AA AG CA GG CT TT TC AG AA AA AT GGTCCGCCTTTGCACTACCA and G G G GA C C AC T T TG T A CA A G AA A G CT G G GT A T CA T G AC TT CT TCA CAACAATCGTCTTCG; for pik-1 c DN A amplification, G GG GA CA AG TT T G TA CA AA AA AG CA GG CT TT TC AG AA AA AT GG AT GA TTCTCTTGGAGTAT CAGAAGTTG and GGGGACCACTTTGTACAAGAAAGCTGGGTATTA GACAACTGGCGGAATTGAATTTTTACA; for actl-1 cDNA amplification, GGGGACAAGTTTGTACAAAAAAGCAGGCTTTTCAGAAAAATGACTAA GATGAAAATGGACGTAACAATTGAG and GGGGACCACTTTGTAC AAGAAAGCTGGGTATTATTGTGTAATACTGTAGTTCATGGAATCCTCG; and for nfki-1 cDNA amplification, GGGGACAAGTTTGTACAAAAA AGCAGGCTTTTCAGAAAAATGGCAACCGTTGCCCCCAAG and GGGGACC ACTTTGTACAAGAAAGCTGGGTATCAAGCTCTCGACTTGTTCGGGACTG. To generate a functional mcherry-ilc-17.1 transgene, mCherry coding sequences were inserted after the signal sequence between codons 31 and 32 of the ilc-17.1 gene.
To express C. elegans proteins in HEK293T cells, cDNAs for each gene were amplified with primers that had a 25base overlap with sequences in pcDNA vectors and assembled with the vector using the Gibson Assembly kit (New England Biolabs). The ilc-17.1 cDNA without a signal sequence (that is, after codon 31) was cloned into a pcDNA5 vector that had the prolactin signal sequence, 3× Flag, and tobacco etch virus (TEV) cleavage site for amino (N)terminal fusion. The ilcr-1 cDNA was assembled in a pcDNA4 plasmid with EGFP sequences inserted between NarI and XbaI sites. The ilcr-2 cDNA was assembled in a pcDNA4 vector that had sequences encoding TEV-3× HA right after the XbaI site and in a pcDNA4 plasmid with EGFP sequences inserted between NarI and XbaI sites. The actl-1 cDNA was assembled to a pcDNA4 vector that had sequences encoding TEV-3× HA right after the XbaI site. The pik-1 cDNA was assembled in a pcDNA4 vector with TEV-3× Flag for Cterminal tagging.
To tag ilcr-2 with GFP while including long stretches of 5′ and 3′ sequences, we used fosmid recombineering 44 . The GFP coding sequence was amplified using p ri me rs A AT CC GA CA AT GA GG GT GA AG AT CC GA AG AC GA TT GT TG TG AA GA AG TC AA TGAGTAAAGGAGAAGAACTTTTCAC and GTAT CACACCGTAACAAGCAATAAGCAAATAAAAATAACAAGTCTCTTCATTT GTATAGTTCATCCATGCCATG. The recombineered site was confirmed by sequencing.
Transgenic animals were generated by injecting 50 ng/μ l of the expression vector with 50 ng/μ l of a coelomocytespecific punc-122::mcherry marker. Mos1mediated singlecopy gene insertion was performed as described 21 . Protein sequence alignment. Alignments used Tcoffee with default settings in Jalview. The blue shadow indicates the conservation score of residues. Microscopy. Animals were immobilized using 50 mM sodium azide on 2% agarose pads in M9 buffer. Image acquisition and analysis were performed as described 45 . Heat-shock experiments. Strains were grown at 15 °C, to minimize leaky expres sion from the hsp-16.41 promoter. To heatshock animals, NGM plates were wrapped with parafilm and immersed in a 34 °C waterbath for 15 or 30 min. Animals were transferred to assay plates immediately after heatshock. The same groups of animals were assayed every 2 h for 10 h for their responses to O 2 switches. mCherry expression was measured using an AZ100 microscope (Nikon) fitted with a 553/25 nm excitation filter and a 641/75 nm emission filter. Twentyfour animals were analysed for each time point and mCherry signals were captured from the whole animal using a 2× lens. Data were analysed using Image J. Ca 2+ imaging. L4 animals expressing the sensor were picked 24 h before imaging. Freely moving animals were imaged on plates containing NGM 41 modified to minimize background fluorescence by omitting peptone and replacing agar with agarose (Fisher, BP164100). Plates were dried on the bench overnight and, just before use, spotted with 3μ l of M9washed and concentrated OP50 bacteria (grown in 10 ml 2× TY to an absorbance at 600 nm (A 600 nm ) = 1, spun and resuspended in 1 ml M9) to form a lawn of 5 mm diameter. Animals were picked to the plates, covered by the same microfluidic device used in our behavioural experiments, and allowed to roam freely while we imaged. The O 2 stimulus regime was identical to that in the behaviour analysis. Animals were imaged on an AZ100 microscope (Nikon) bearing a TwinCam adaptor (Cairn Research, UK) mounted with two ORCAFlash4.0 V2 digital cameras (Hamamatsu, Japan) using an AZ Plan Fluor 2× lens with 2× zoom and an exposure time of 100 ms. The excitation light was passed through a 438/24 nm filter and an FF458DiO2 dichroic (Semrock) and attenuated to 4.39 mW/cm 2 , a light intensity that did not change worm behaviour. The TwinCam adaptor cube was mounted with cyan fluorescent protein (483/32 nm) and yellow fluorescent protein (542/27 nm) emission filters and a DC/T510LPXRXTUf2 dichroic. Animals were imaged twice, after 10 min and 2 h on the assay plates. Imaging data were analysed using Neuron Analyzer, a customwritten Matlab program, to analyse the resulting image stacks (code available at https://github.com/neuronanalyser/neuronanalyser). Ca 2+ imaging of glued animals used the same hardware and settings, except that a 500ms exposure time was used. Five or six animals were glued simultaneously onto a 2% agarose pad in M9 on a glass slide, and a small amount of food placed close to their nose. The animals were quickly covered by the microfluidic chamber and 7% O 2 pumped into the chamber for 1 min before we started imaging.
To image Ca 2+ responses to pheromone and benzaldehyde, we used olfactory chips (Microkosmos, https://www.ukosmos.com/) as previously described 46 .
